Abstract-The efficiency of cold supply chain operations can be improved with pervasive temperature sensing. In this paper, we investigate the design of a low-cost, single-use RFID based temperature threshold sensor that is capable of relating the violation of a temperature threshold to a shift in the optimal operating frequency at which the tag antenna is well matched to the tag IC. This shift is detectable by commercial UHF RFID readers operating in the 902-928 MHz frequency band. We will illustrate how state change information is preserved using a nonelectric memory mechanism that works even in the absence of reader transmitted power. We demonstrate that the sensor works reliably for a read distance of over 3 m and in noisy environments.
I. INTRODUCTION
Cold supply chain operations suffer from a lack of visibility with an estimated 30% perishables being damaged or destroyed somewhere in transit operations [1] . Prior research has shown that cold chain efficiency can be significantly improved by utilizing temperature sensors to monitor ambient temperature conditions [2] . Cold chain operations currently use expensive wireless sensors and for economical reasons, temperature monitoring is done by equipping dedicated places such as cold chain trucks and warehouses and extrapolating this temperature to the goods assumed to be inside. A ideal solution would be to monitor the goods themselves but this requires pervasive temperature sensors that can ideally be inexpensively deployed on every item or pallet passing through the cold chain.
RFID technology represents a pragmatic choice for the design of temperature sensors since it offers many desirable attributes such as standardized communication protocols [3] , low cost tags [4] , and adoption by major US retail companies as a track and trace solution. This can be highlighted by the emergence and advent of RFID based temperature sensing solutions in the market today. Existing solutions typically rely on RFID tags which feature a battery and a dedicated temperature sensor [5] [6] .
More recently, researchers have proposed sensors which use the RFID tag antenna as a temperature sensor [7] to reduce the cost of the sensor device by using conventional UHF RFID tags. Temperature violations are detected as changes in the received signal strength from the RFID tag. Since the received signal strength is not only influenced by the temperature violations but also by reader-tag separation and fading and multi-path issues, these approaches employ a second RFID tag as a reference tag. The second RFID tag increases the size and cost of the sensor.
In this paper, we investigate whether temperature threshold violations can be related to a controlled shift in the optimal operating frequency of a standard UHF RFID tag so that the shift is detectable by commercial UHF RFID readers operating in the American unlicensed ISM band (902-928 MHz). Since frequency domain measurements are more noise tolerant and independent of reader-tag separation, operating in the frequency domain would eliminate the need to use a second tag. Our contribution is two-fold. We present a sensor design that converts temperature violations to a change of tag antenna properties using a shape memory polymer and a metal plate. The device is intended to be single-use, which means that the sensor cannot be reset once the temperature threshold is violated. We also present a design and design methodology for an UHF RFID tag antenna that shifts its optimum operating frequency within the 902-928 MHz band when a temperature threshold is exceeded.
Section II highlights some of the previous research and commercial instances of RFID based temperature sensing. Section III then discusses the proposed sensing principle. Section IV describes a sensor prototype that is used to implement the sensing principle, while Section V summarizes a set of performance requirements for our tag antenna and the process used to design such an antenna. Section VI discusses the results of field testing the antenna design and finally Section VII summarizes the key findings of the study and outlines scope for future work.
II. RELATED WORK
Temperature indicator labels [8] are commonly used in the perishable goods supply chain today and relate temperature violations to a color change. While these sensors are cheap, monitoring them is labor intensive and requires direct line of sight. Electrical transduction techniques are much more promising from the point of view of automated monitoring and there have been several prior attempts to develop these kinds of temperature sensors. For example, Fletcher et al. propose the design of reversible and single-use temperature threshold sensors as well as continuous monitoring temperature sensors by relating temperature to changes in the frequency characteristics of magnetic materials [9] . These sensors are very low cost and operate over a temperature range of 20-80 0 C. However, they do not have an inherent unique identifier and have a short read range of a few inches. In related work, the authors also illustrate how electromagnetically responsive material structures can be used to design low cost force and position sensors [10] .
Wireless temperature sensing using RFID has also been gaining traction in the recent years. For instance, KSW offers an RFID HF tag sensor capable of logging 720 data points and which has a range of 25 cm [5] . Similarly, PowerID offers the PowerTMP UHF temperature sensor tag that is capable of storing up to 20 temperature threshold violations. The PowerTMP sensor tag has the advantage of broadband performance in the 860-960 MHz band, a service life of 2 years and a compact form factor [6] . However, the presence of on-board memory and battery components increase the sensor cost, reducing the scale of sensor deployment for both these types of sensor tags.
Intel Research has designed the WISP as a passive UHF front end to low power temperature sensor electronics [11] . The WISP offers a read range of a few meters, works well over a broad temperature range of 70 o C and is a lower cost alternative to semi-passive RFID sensing. However, events like temperature threshold violations would be missed when the sensor is unpowered.
An alternative approach, involves using the RFID tag antenna as a sensing mechanism by relating the change in a physical parameter to a change in the electrical properties of a tag. For example, Bhattacharyya et al. examine the use of RFID tags as displacement and temperature threshold sensors by mapping displacements and temperature threshold violations to changes in the tag backscatter power strength [12] , [13] as well as to the threshold transmitted power required from the reader to just turn on the tag IC [12] . Siden et al. describe the construction of a humidity sensor based on this paradigm [14] , while Marrocco et al. discuss how the dielectric permittivity of different media can be monitored using this concept [15] . In [7] and [13] , the authors make use of the fact that RFID performance degrades near metals to permanently detune the tag antenna on violation of a critical temperature threshold. This change in antenna characteristics is effected even when the sensor is not powered by a reader antenna, creating a nonelectric memory mechanism. The design proposed in [7] has the added advantage of better range, smaller form factor and performance that is independent of the material of deployment and sensor placement orientation.
These type of sensors use standard low cost RFID ICs with no additional electronic components and this makes them very low cost. Like other sensors that leverage a passive RFID front end however, this sensing paradigm trades off reduced cost for lack of data storage and a reduced communication range. Furthermore, the accuracy of these sensors is coarser than those based on solid state electronics. The RFID tag backscatter signal is also prone to fading and multipath in the environment of deployment, and sensor measurements based on signal amplitude strength are prone to significant noise. Furthermore, tag signal strength amplitude is dependent on the distance between the reader and tag antennas which is why many of the sensor designs [7] , [13] , [14] make measurements relative to a reference tag. The requirement of having a reference tag on the sensor packaging increases the form factor of these sensors which is undesirable.
Using a frequency domain-based state detection mechanism, however, would have the advantage of being noise tolerant and independent of the reader-sensor separation -provided the sensor is within read range. Thus, the need for a reference tag is eliminated and this would reduce the sensor form factor. In this paper, we propose the design of an RFID tag antenna sensor that makes use of a shift in the optimal operating frequency at which the tag antenna is well matched to the tag IC to detect a temperature threshold violation. Our tag is designed such that the frequency shifts occur in the 902-928 MHz frequency range making the state change detectable by American UHF RFID readers. In the following sections, we will outline our design philosophy and demonstrate how we make use of commercially available off the shelf LLRP compliant RFID reader equipment for sensor state detection.
III. SENSING PRINCIPLE
The Friis Transmission Equation for free space governs radiative coupling between a transmitting and receiving antenna as outlined in [16] and summarized in a modified form in (1)
Here P chip is the power delivered to the IC, P t is the transmitted power, G r is the reader gain respectively, A e is the effective aperture of the tag antenna and d is the readertag separation distance. One of the key parameters influencing tag read range is the power transfer coefficient τ outlined in [16] and summarized in ( 2)
Here R a and R c are the antenna and chip resistances and Z a and Z c are the antenna and chip impedances respectively. As we can see, 0 ≤ τ ≤ 1. We know that τ = 1 when Z a = Z * c . For well matched conditions, the tag read range is longer, or alternatively, for a given read range, the reader needs to transmit less power in order to just detect the tag. It is normally desirable for τ to be close to 1 over the operating band of 860-960 MHz for world-wide RFID operations.
Both Z a and Z c are functions of the operating frequency of the reader antenna. By causing Z a to change with violation of a temperature threshold, we seek to manipulate the frequencies at which τ is close to 1. We therefore intend to design a narrow band RFID tag antenna where there is an appreciable shift in the optimal matching frequencies when a critical temperature threshold is violated. Furthermore, we constrain this frequency shift completely in the 902-928 MHz band of American RFID operations. Specifically, we design our sensor to have the following states:
• State 1: τ is designed to be near 1 for 920-925 MHz and sharply decreases for all other frequencies when the temperature is below a given threshold.
• State 2: If the temperature exceeds the threshold, the optimal frequencies over which τ is near 1 shifts to the 907-912 MHz range and sharply decreases for all other frequencies. If we design a tag antenna that exhibits these properties then we are presented with a frequency domain based state detection mechanism that can be implemented on commercially available RFID readers in the Americas: For a given readertag separation, we determine the threshold transmitted power at which the reader just starts detecting the tag sensor and observe the frequency channels on which the tag is responding. If the tag is in State 1, we would expect responses on the 920-925 MHz channels. However, if the tag is in State 2, responses would be in the 907-912 MHz range. A change in channel responses thus enable us to detect which state the sensor is currently in.
In the next section, we discuss a sensor prototype that will be used to induce a controlled change in Z a upon violation of a temperature threshold and outline what State 1 and State 2 are in the context of this prototype design.
IV. SENSOR PROTOTYPE DESIGN Fig. 1(a) and Fig. 1(b) illustrate the design of the temperature threshold sensor prototype. As seen from the figures, the temperature sensor essentially consists of an RFID tag on a plastic jacket separated from a metal plate. The metal plate serves as an isolator, shielding the tag antenna from the material on which the sensor is deployed. This is important since the tag sensor performance should not arbitrarily be influenced by the material on which it is deployed. The height of the isolation plate from the tag can be controlled using a temperature-actuated switch, such as a shape memory polymer (SMP) [17] designed to transition between the rigid and flexible state at about 7 o C. The temperature range at which the polymer actuates can be controlled by changing the chemistry of the polymer as illustrated by [17] . Fig. 2 illustrates the prototype design concept. As seen from Fig. 2(a) , the temperature sensor is placed on the product to be monitored in the cold room and the arming pins are pulled free. As seen from Fig. 2(b) , if the temperature remains below 7 o C, the polymer remains in the rigid state and the isolation plate is kept at a constant h=10 mm distance from the RFID tag, which corresponds to State 1 mentioned in Section III. If however, the temperature rises above 7 o C, seen in Fig. 2(c) , the polymer starts to actuate and this moves the metal plate closer to the tag. In the completely actuated state, seen in Fig. 2(d) , the metal plate is about h=3 mm from the tag, which corresponds to State 2 mentioned in Section III. The shape memory polymer is capable of one way actuation which implies that once the polymer switch actuates to the position outlined in Fig. 2(d) , it does not return to the position described in Fig. 2(b) without the application of external stress. This implies that the sensor is designed to be non reusable and disposable. For the purposes of the cold chain, this property is desirable since the purpose of the threshold sensor is to indicate whether a temperature violation occurred at any point in transit in the supply chain. Furthermore, we note that the shape memory polymer triggers a state change even in the absence of reader transmitted power and this creates a non-electric memory for preserving state change information.
There are several other advantages to using an SMP based actuation switch. The SMP will actuate irrespective of the placement orientation and is uninfluenced by gravity allowing the sensor to be placed on the top or sides of the product packaging. In previous work [7] , the authors demonstrate sensor performance is agnostic of placement orientation, gravity and material of deployment for a sensor design which is very similar to the one proposed in this paper. Furthermore the quantity of polymer used in the sensor design costs about $0.1 which adds a reasonably low cost overhead to the overall sensor design.
The metal plate moving closer to the tag introduces an increased parasitic capacitance to the tag antenna. For a sufficiently narrow-band tag, this would correspond to a reduction in the optimal operating frequency. Precisely controlling the extent of this shift in frequency is the subject of the next section.
V. DESIGN METHODOLOGY
In this section, we discuss the procedure used to design a tag antenna that exhibits an appropriate shift in optimal operating • Narrow Bandwidth: We design the antenna such that the optimal operating frequency band is between 920-925 MHz in State 1, 907-912 MHz in State 2 and decreases sharply at all other frequencies in the 902-928 MHz range. This is to ensure that we can clearly distinguish between the two states at the threshold transmitted power.
• Frequency Shift in the 902-928 MHz band: The optimal matching frequencies for both states of the sensor, corresponding to the metal plate being 10 and 3 mm away from the RFID tag antenna respectively, need to be within a 26 MHz band of 902-928 MHz allocated for US RFID operations. This is because commercial RFID readers, which will be utilized to interrogate the tag sensor, are only capable of detecting frequencies in this operating range.
• τ near 1 at Optimal Matching Frequencies: For a given reader transmitted power, the range over which a tag can be read is directly related to τ for both States 1 and 2 outlined in Section III. In order for both states of the sensor to be reliably detected over sufficiently long distances, τ for both states, at the respective optimal frequencies, should be ideally as close to 1 as possible.
A. Selection of an Appropriate Antenna Structure
We make use of the embedded T-match antenna design since the design has been well characterized and has a limited number of degrees of freedom that we need to manipulate -the length L, width W, slot width s, slot height w 1 and slot thickness t as seen in Fig. 3 . Deavours et. al present an exhaustive analysis of the T-match antenna explaining how the different geometrical parameters influence antenna impedance [18] . In this section, we briefly highlight only those aspects of their analysis that help us select the geometrical parameters that give us the desired antenna performance.
Our analysis procedure involves finding whether there exists a set of parameters (L,W,w 1 ,s) which is well matched to a given IC impedance at 922 MHz when the plate-tag separation is h=10 mm and which is well matched at 907 MHz when h=3mm. Therefore, we first find a set of L for which impedance matching is feasible at h=10 mm. For a given L and W at 922 MHz, it is possible to compute the common mode impedance, Z c = R c +jX c , of an equivalent dipole antenna at h=10 mm from a metal surface. This can easily be done using numerical simulation software [19] . For a given IC impedance Z IC = R IC + jX IC and Z c , Deavours et. al [18] present an expression for values of the splitting factor α that result in an impedance match between the antenna impedance and the IC. We refer to this value of α as α match as shown in (3) Fig. 4 illustrates a plot of α match as a function of L, for different W, when h=10 mm and at 922 MHz. As we can see from the figure, for each W, there exists an α match for a large set of L. To constrain the design space further, we make use of manufacturing tolerances. In their paper, Uda et. al also describe how α varies with antenna geometry [20] as illustrated in (4)
where u = . We can verify that in order to obtain values of w 1 and w 2 that are larger than 1 mm, 1 3 ≤ α ≤ 3. We make use of (4) to impose bounds on the values of α match to highlight only those values of L that are feasible from both the manufacturing and impedance matching points of view. This is shown in Fig. 5 .
As we can see from the graph, for each W, there exists at least one long and one short L for which chip matching seems feasible. For example, for the antenna with W=40 mm, a short matching length of 110 mm and a long matching length of 160 mm is found to be feasible.
B. Antenna Bandwidth Characteristics for Longer Lengths
As we observe in Fig. 5 , for L=160 mm, all the antennas have an α match value of 1.5-1.6. Referring to (4), we determine that w1 W ≈ 0.7. Thus for a given width and for a antennametal plane separation of 10 mm, impedance matching to a given tag IC involves varying the slot width, s, shown in Fig. 3 . For each antenna width W, we select a slot width that matches the tag antenna to a given tag IC impedance in the 902-928 MHz frequency range. Once this has been achieved, we change the antenna-metal plane separation to 3mm, corresponding to State 2 of the sensor, and observe the effect on the antenna impedance. The selection of appropriate s values is conducted using simulation software [19] and the results are outlined on a Smith Chart shown in Fig. 6 .
As we can see from Fig. 6 , it is possible to select slots such that for all antenna widths the antenna is reasonably well matched to the complex conjugate of the chip impedance for a tag-metal plate separation of 10 mm. However, when we change the tag-metal plate separation to 3 mm, the tag antennas get severely detuned from the conjugate match position, drastically reducing τ in this case. Thus the read range of the tag sensor would be severely limited by virtue of having poor τ for a tag-metal plate separation of 3 mm. Hence L=160 mm is found not to be a good candidate for our antenna design.
C. Antenna Bandwidth Characteristics for Shorter Lengths
Recall from Fig. 5 , that there are shorter L values for which impedance matching is feasible. Table I highlights feasible L values for antennas of different widths. Repeating the procedure outlined in Section V-B, for a plate-tag separation of 10 mm, we use numerical simulation software to obtain s values that conjugate match the chip to the antenna in the 902-928 MHz band. Once this is established, we vary the platetag separation to 3 mm and observe the effect. The results are plotted on a Smith Chart and are shown in Fig. 7 .
These results are much more promising. When the tag-metal plate separation changes from 10 mm to 3 mm, the antenna is detuned very slightly as can be seen by the slight shift in the traces on the Smith Chart when the plate separation is changed. Thus we will be able to observe a slight shift in optimal operating frequency when the sensor changes state. Furthermore, since the detuning is not as severe, we can expect reasonably high τ values for both sensor states and this improves the read range of the sensor.
In order to select an optimal W presented in Fig. 7 , we plot τ as a function of frequency for different W and plate-tag separations. The results are outlined in Fig. 8(a) and Fig. 8(b) respectively. As we can see from the figure, both the antennas corresponding to W=10 mm and W=20 mm exhibit the set of requirements we are looking for -their optimal operating frequencies shift with a change in position of the metal backplane. The antenna with W=10 mm exhibits a higher power transfer coefficient for the tag-metal plate separation of 3 mm while the antenna with W=20 mm exhibits a higher power transfer coefficient for the tag-metal plate separation of 10mm, so we can choose the design appropriately depending upon which state we are more interested in detecting at longer read distances.
We select the tag with W=20 mm since it provides a shift of 15 MHz in peak operating frequency as compared to 8 MHz for the case with W=10 mm. The following section outlines the results of field testing this prototype design. Fig. 9 illustrates the antenna prototype that was subjected to field tests. The antenna was manufactured by precision cutting the antenna geometry from a sheet of copper foil. We make use of an Alien Higgs 3 IC [21] and for the purposes of this study assume its nominal impedance to be Z IC = 18−164j at turn on power. We also make an assumption that Z IC remains fairly constant over the 902-928 MHz operating frequency. The IC was bonded to the copper using silver epoxy.
VI. EXPERIMENTAL RESULTS
In this section, we discuss the testing procedure employed and examine tag performance in terms of repeatability, read range and operating environment.
A. Testing Procedure
In this study, we use an Impinj Revolution [22] LLRP compliant RFID reader to detect tag response. By choosing an appropriate implementation of the LLRP protocol stack [23] , we can not only extract the operating frequency at the time of the query round, but also gradually increase the transmitted power (P trans ) on the reader from 15-32.5 dBm in steps of 0.25 dBm. These two features allow us to design a simple testing procedure. We define P j thresh (dBm) as the threshold power, which is the transmitted power at which the tag is just detected. The index j corresponds to either of the two states 1 or 2.
To classify state, we proceed by gradually increasing P trans till we reach P j thresh and observe the set of channels, F thresh , on which the tag responds at this power setting. Our classification algorithm is defined as follows:
• Set j = 1 if f≥918 MHz ∀f ∈ F thresh . In other words, if the sensor is first detected in a small band above 918 MHz then the tag is in State 1.
• Set j = 2 if f≤910 MHz ∀f ∈ F thresh . In other words, if the sensor is first detected in a small band below 910 MHz then the tag is in State 2.
The testing procedure is illustrated in Fig. 10 . At a given transmitted power setting, we query the tag antenna for 60 seconds. This is because, RFID readers are mandated to frequency hop randomly ever 400 ms on 500 kHz channels between 902-928 MHz in the US [24] , in order to avoid interference between multiple readers and other RF equipment in the vicinity of the RFID reader. Therefore over a time window of 60 seconds, the reader would have had enough time to query the tag on all 52 channels between 902-928 MHz. In Section VI-B we present the results of testing the tag antenna's ability to successfully differentiate between the two sensor states using the procedure outlined in this section. 
B. Efficiency of State Detection
Fig . 11 illustrates the results of testing for the tag sensor prototype. We conduct the experiment for both states of the sensor and record the frequency contribution, which is the fraction of times the tag was detected in a particular frequency channel for the threshold transmitted power at which the tag was just detected. Our experiment was conducted in an open room, with clear line of sight between the reader and tag antenna. The reader and tag were separated by a distance of 2.5 m. No special anechoic chamber provisions were made to minimize reflections and multipath either. As we can observe from the figure, a clear distinction can be made between the two sensor states at the threshold transmitted power (T x ). Fig. 12 illustrate the results of repeating the test on 6 replicas of the tag prototype respectively. The purpose of repeating the test multiple times for different replicas is to assess the sensitivity of the antenna performance to variability in the antenna manufacturing process. As we can see, there is some variability between the repetitions although the direction of shift in optimal operating frequency remains consistent. The only anomaly is Replica 6 for which both states register significantly different optimal operating frequencies. We also note that the optimal frequency band is offset by about 5-10 MHz from the simulation predictions and that the threshold transmitted power varies by as much as 3 dBm between the different replicas. We thus conclude that the tag performance is indeed very sensitive to variability in the manufacturing process and this needs to be taken into account during mass production operations.
C. Read Range Determination
It is important to determine the read range over which the tag sensor can be reliably detected for both states of the sensor. For this test, we select one of the replicas (Replica 5) and run the state detection test over different reader-sensor separations. Fig. 13 illustrates the performance of the sensor for a readersensor separation of 2 m, 2.5 m and 3 m.
As we can see from the figure, the sensor can be reliably detected in both states over a distance of 3m although there is a variability of 3-5 MHz observed in the position of the frequency bands corresponding to State 1. The tag IC impedance is a function of transmitted power and it is possible that subtle variations in the threshold transmitted power supplied to the chip brings about this shift. However, these variations are still small compared to the frequency shifts induced by state change and thus state differences can still be successfully interpreted over different ranges.
We also note that the threshold transmitted power for a plate-sensor separation of 3 mm is 26.75 dBm for a read range of 3 m which is less than the allowed maximum reader transmitted power of 32.5 dBm. This indicates that the maximum read distance of the sensor is larger than 3 m.
D. Effect of Environment
The RFID tag sensor is likely to be deployed in several different environments ranging from open warehouse lots to cramped confined storage rooms. It is important to assess how differences in environment affect the tag performance. We examine the tag-sensor performance in a contrived cluttered room with plenty of furniture and metal reflecting surfaces in close proximity to the RFID tag. The only constraint we maintain is a line of sight between the reader and tag antennas. Fig. 14 illustrates the results for a reader-tag separation of 2 m. For the purposes of this experiment we make use of Replica 1.
As we can see from the figure, there is a shift of 3-4 MHz in the frequency band for the sensor in State 1, although it 
VII. CONCLUSIONS
In this paper, we presented a design methodology for a UHF RFID tag sensor that shifts its optimum operating frequency within the 902-928 MHz band when a temperature threshold is exceeded making binary state detection possible with commercial RFID reader equipment. We illustrated how a temperature actuated shape memory polymer switch can be used as a nonelectric memory mechanism to preserve state changes even in the absence of reader transmitted power. We demonstrated that the frequency domain based state measurements were still discernible in different environments and for read ranges of up to 3 m. This suggests that sensor measurements do not need to be made relative to a reference tag and this will decrease both the cost and the form factor of temperature sensors designed using this principle.
We also discovered that while the antenna can be matched to a given IC at shorter and longer feasible lengths for a T-Match antenna structure, choosing smaller feasible antenna lengths allow us to fulfill our design objectives of having frequency shifts within the 902-928 MHz range while still preserving relatively high τ values of 0.98 and 0.75 for the two sensor states.
Finally, while we have successfully demonstrated a working sensor design, there are several open issues that we are considering to improve the sensor design and better quantify performance. We have observed that the tag performance is highly susceptible to manufacturing variability. We have also observed that noisy environments and different read distances tend to cause shifts of 3-5 MHz in the optimal operating frequency for State 1 and 2. Quantifying these shifts in a more systematic manner is essential so that we can decide exactly how far apart to space the optimal frequencies for State 1 and 2, so as to account for these tolerances. Furthermore, while we have investigated sensor performance when the metal plate is at 10 and 3 mm from the antenna, understanding antenna performance for intermediate separations is important. It is possible that the shape memory polymer might undergo partial actuation during transit and we need to be able to quantify that.
